estimate of Poisson's ratio. The initial unloading stiffness is usually determined by evaluating the slope of the unloading curve-represented by a power law-at the peak indentation load. The exponent of the power law is supposed to have its value in the range of 1.2 to 1.6 for most of the materials. 15 It has been found, however, that the power law parameters vary significantly both in the vertical and horizontal planes of the sample and offer poor reproducibility of the nanoindentation data related to fine-grained alumina due to microstructural inhomogeneity. 22 Similar results have also been reported in the case of brittle material, such as soda-lime glass, zirconia (TZP), and Si 3 N 4 .
23 Based on experimental data on these ceramics, Gong et al. 23 suggested that a residual stress may arise during indentation, in which case a conical indenter approximation may be used instead of paraboloid punch to describe the unloading response of a material obtained with a Berkovich indenter. These findings indicate that the aforementioned parameters are mere curve-fitting parameters and not the intrinsic material constants, as described in the literature.
14 Furthermore, the area of contact is a function of contact depth alone for a perfectly sharp conical indenter and is determined from the known values of the initial unloading stiffness. For a non-ideally sharp indenter, its determination becomes difficult and one has to resort to curve fitting to account for the bluntness in the tip of the indenter. 16 These difficulties necessitate the development of a method to compute initial unloading stiffness and contact depth using those parameters that are consistent for a given material.
On the other hand, energy dissipated (work-of-indentation) is found to be a useful parameter in determining the mechanical properties of a material. 17, [24] [25] [26] For example, the ratio of the elastic work to the total work is equal to the ratio of hardness to the indentation modulus in the case of elastic perfectly plastic material. A good account of this kind of relationship is given in Reference 27. Similarly, Sakai 28 found that the energy dissipated during the indentation cycle bears a specific relationship to quantities such as hardness, peak indentation load, and volume of the indentation impression. Recently, Attaf [29] [30] [31] [32] has shown that various forms of energy (obtainable from the load-displacement curves) and their ratios have important applications in modeling the loaddisplacement curves. Various energy constants are defined using the concept of absolute energy, which is defined as the maximum energy that may be dissipated during the indentation on the surface of a material. The total and elastic 
INTRODUCTION
Nanoindentation, an experimental technique used for the determination of mechanical properties of thin films and a small volume of bulk materials, is increasingly being used for the determination of strength [1] [2] [3] [4] [5] [6] and time-dependent properties 7, 8 for the nanoscale characterization [9] [10] [11] and in the multi-scale modeling 12 ,13 of heterogeneous materials. The output is usually obtained in the form of a pair of loaddisplacement curves that are generally analyzed using the elastic punch theory to extract mechanical properties of interest. [14] [15] [16] Analyses based on a scaling relationship developed with the help of dimensional analysis and the finite element method are also used in the case of elastic perfectly plastic material. 17, 18 These theories make use of the initial unloading stiffness and require analysis of the unloading portion of the load-displacement curves. Alternatively, the elastic modulus of a material is also determined from the analysis of the nanoindentation loading curve. [19] [20] [21] All of these procedures, however, have one thing in common: they all require an additional equation, which is obtained by fitting the experimental load-displacement curves. Hence, curve-fitting parameters have important implications in the determination of mechanical properties by this technique.
The most popular method for the determination of the elastic modulus and hardness of a material at nanometer regime is the Oliver and Pharr 14 method. This method relies on the principle of the elastic punch theory, which is applied to the unloading portion of the load-displacement curves. Application of this theory, however, requires proper description of the unloading response to compute initial unloading stiffness, independent measurement of area of contact between the indenter and specimen and a reasonable studied, improvement in the nanomechanical properties evaluation procedure itself has received less attention from researchers engaged in this kind of study. The existing method has undergone numerous refinements over the years, yet its accuracy with respect to heterogeneous material is still debated in the material science community. [14] [15] [16] 32 As previously explained, the energy method offers a convenient and direct approach for the determination of contact depth and contact area. The advantage of determining the contact depth in this way is that the initial unloading stiffness may be computed in an efficient manner and without resorting to the curve-fitting technique. Cementitious materials typically show time-dependent logarithmic-type creep behavior, and a long dwelling period is desirable both to minimize the effect of creep on the measured mechanical properties and to measure the parameter related to this kind of behavior. 5, 7, 8 Thus, the primary objective of this study is to explore the effectiveness of the energy principle in the analysis of nanoindentation data that also features the dwelling portion for multi-phase cementitious materials. The applicability of energy constants in modeling the loaddisplacement behavior and characterizing different phases of cementitious materials is discussed. Finally, an analytical method for the determination of the initial unloading stiffness using the energy principle is proposed herein.
RESEARCH SIGNIFICANCE
Cementitious materials have a very complex nanostructure consisting of different phases of hydration products and anhydrous particles, which are separated from each other based on their mechanical properties. Therefore, it is important to determine these properties as precisely as possible using parameters that have physical significance. This study will not only help refine the existing procedure but will also help in the development of a new procedure for the determination of the nanomechanical properties of cementitious materials and assist in understanding their mechanical behavior at such a small scale of length.
EXPERIMENTAL PROGRAM
At nanoscale, the measurement of mechanical properties is conveniently done by performing a nanoindentation experiment. This sophisticated experimental technique requires certain protocol be followed with respect to sample preparation. The sample preparation technique, equipment used, and loading sequences are described in the following.
Materials
Three cement paste samples were prepared using Type I portland cement with water-cement ratios (w/c) of 0.3, 0.4, and 0.5. Herein, the authors assume that the w/c affects only the volume fraction and not the mechanical properties of the hydrated phases present in the cement paste composite. The purpose of employing different w/c is to capture the mechanical properties of unhydrated phases with a very low degree of hydration that may not be present at a higher w/c. ASTM C305 was followed during the mixing process of cement and water. The cement paste mixture was placed into a cylindrical rubber mold with an internal diameter and height of 25 mm (1 in.). The samples were demolded after 24 hours and cured in water for 28 days at room temperature (refer to Fig. 1(a) ). energy constants are related to the curvatures of the loading and unloading curves, respectively, and are independent of the indentation size. Using nanoindentation data on certain kinds of ceramics, Attaf 31, 32 found that the work-ofindentation may be correlated with other nanomechanical quantities obtained from the indentation experiment. For instance, the contact area, peak indentation load, and maximum and final depth of penetration have a one-to-one relationship with all forms of work-of-indentation. All these empirical relationships can be summarized in the form of a unified correlations diagram. The relationship between contact depth and maximum depth of penetration using the elastic energy constant is the most important relation and paves the way for the analytical determination of the initial unloading stiffness. However, the application of the energy principle is limited to the case where no dwelling portion in the nanoindentation load-displacement curve is present. The dwelling portion is typically desired to minimize the effect of nonelastic deformation, such as creep, on the measured mechanical properties. 5 Cementitious materials are highly heterogeneous materials at all length scales. 2 At nanoscale, such material exhibits great variations in stiffness, depending on the packing density of the hydration product and the degree of hydration of the anhydrous cement particles. Indenting a material with many phases that are optically indistinguishable is, however, a difficult task. In practice, phases are distinguished based on their mechanical properties determined over a representative area with rectangular grids. 2, 4, 6 Statistical analysis 33 of nanoindentation data from all grid points yields the representative values of the elastic modulus, hardness, and volume fractions for each phase. Thus, one has to deal with a large number of data for which Oliver and Pharr's 14 method may prove to be computationally expensive. Whereas many aspects of nanoindentation on cementitious materials, such as the sample surface preparation protocol, 4 surface roughness criteria, 34 requirement of grid indentation, 35 phase identification, 2 indentation size effect, 3 requirement of dwelling period, 5, 8 and its use in multi-scale modeling 12 ,13 have been
Sample surface preparation
One of the key requirements of the nanoindentation experiment is that the sample to be indented must have a smooth surface, as a rough surface may yield spurious values for the mechanical properties and permanently damage the indenter tip. After 28 days of curing, the samples were remolded by immersing them in the mixture of epoxy resin and hardener in a slightly bigger mold with an internal diameter and height of 30.50 mm (1.2 in.) and kept in a vacuum to remove the entrapped air from the mixture. This step in surface preparation is necessary, as it protects the sample from damage during grinding and polishing. The samples were demolded after 12 hours for the next process of grinding and polishing, as shown in Fig. 1(a) .
Coarse to fine grinding was applied to epoxy-encased samples using an abrasive paper of different grit sizes of 80, 52, 35, 22, and 15 mm (3.2, 2.0, 1.4, 0.9, and 0.6 min.). The speed of the revolving disc on which the abrasive paper was attached was maintained at 100 revolutions per minute (rpm) for the first three grit sizes and then increased to 150 rpm for the rest of the sizes. Each paper was used for approximately 3 to 6 minutes (longer for grit paper of a smaller size). A continuous flow of water was allowed during the entire grinding process. At the end of each step of grinding, all samples were examined with the help of an optical microscope to check whether scratches were unidirectional and diminishing. The sample surface was gently cleaned in running water after all grinding steps were completed. Diamond suspension in water with gradations of 7, 3, 1, and 0.1 mm (0.3, 0.1, 0.04, and 0.004 min.) and a textmat cloth were used for the successive polishing. Maintaining the speed of the disc at 150 rpm, polishing was done for approximately 5 minutes in each step. Finally, all the samples were gently cleaned with water again for approximately 1 minute to remove the debris deposited during polishing and subsequently air dried. The technique described herein produces a very smooth surface, as shown in Fig. 1(b) and (c).
Nanoindentation equipment
The indentation experiment was performed using a triboindenter, which is a fully automated nanomechanical testing system, as shown schematically in Fig. 1(d) . The triboindenter is equipped with a scanning probe microscope (SPM) imaging capability that can capture images at nanoscale resolution. A pyramid-shaped Berkovich tip with tip radius of 100 nm (3.9 nin.) was used as a probe. The specimens were subjected to a trapezoidal load history with a varying magnitude of peak indentation load not exceeding 1250 mN (281 mlbf). The loading, dwelling, and unloading periods were kept at 10, 2, and 10 seconds, respectively.
Indentation modulus and hardness
Nanoindentation tests were performed on approximately 28-day-old samples of cement paste with a smooth surface at random locations. The grid indentation technique over the representative area is preferred for nanoindentation in the case of heterogeneous materials such as cement paste. 35 Because the objective is to analyze the individual nanoindentation curve corresponding to each phase of cement paste and not to determine their volume fractions, performing grid indentation over a large area is not required. As mentioned previously, the phases of cement paste are not distinguishable optically; therefore, the authors followed the trend of characterizing different phases of cement paste based on their mechanical properties. Following Mondal et al., 4 the phases were grouped into anhydrous particles and three forms of calcium-silicate-hydrate (C-S-H), the main hydration product-namely, low stiffness (LS), medium stiffness (MS), and high stiffness (HS) C-S-H. These hydration products are sometimes respectively referred to as low density (LD), high density (HD), and ultra-high density (UHD). 2, 10, 36, 37 The representative values of the indentation modulus and hardness for all of these phases were determined based on the statistical analysis of the measured data. The average values of the indentation modulus and hardness along with the standard deviation are shown in Table 1 , which agrees well with those reported in the literature.
1,2,4,10 It should be noted that the average mechanical properties for all ENERGY RELATIONSHIPS In the case of certain kinds of ceramics, all forms of energy dissipated during indentation bear specific relation among themselves and also with other parameters, such as peak indentation load, penetration depths, and contact area. 29, 31, 32 Because these materials have a single composition, all empirical relationships yield a very good value of the correlation coefficient. This section will discuss the relevance of energy relationships for the multi-phase cementitious materials. For this purpose, the absolute work of indentation (W S ) is found by determining the area given by OAh L O (as shown in Fig. 3 ) from each indentation curve. Similarly, the total (W T ), elastic (W E ), and plastic (W P ) works of indentation for all phases are computed numerically using the nanoindentation results shown in Fig. 2 . It should be noted that the total work of indentation is evaluated during loading only-that is, work done during dwelling is ignored. The results are then plotted as absolute energy versus total, elastic, and plastic energies; total energy versus elastic and plastic energies; and elastic energy versus plastic energy for all four phases of the cement paste, as shown in Fig. 4 . As can be seen in the figure, all forms of energy (workof-indentation) are proportional to each other for all four phases, with varying degrees of goodness in the fit. For the anhydrous phase, the linear correlation is perfect because the loading curve follows the same path and all unloading curves are parallel to each other. Due to the heterogeneity present in the cementitious materials and the effect of residual stress, grouping based on mechanical properties with the same loading curvature and parallel unloading curves is very difficult, as is evident in Fig. 2(b) to (d) , which corresponds to C-S-H of different stiffness. In the case of C-S-H, a similar trend in the variation of energies with respect to each other phases corresponds to the peak indentation load of 1000 mN (225 mlbf).
Nanoindentation tests were also performed at several locations to capture the load-displacement curves corresponding to each of these four phases of the cement paste sample with different peak indentation loads of 250, 500, 750, 1000, and 1250 mN (56, 112, 169, 225, and 281 mlbf). Ideally, the combined load-displacement diagram with different peak indentation loads is such that the loading curves have the same curvatures and all the unloading curves are parallel to each other. Load-displacement diagrams corresponding to different peak indentation loads are shown in Fig. 2 for all four phases considered herein. As can be seen, the desired combined load-displacement diagrams may not be possible due to the effect of the residual stress. 38 However, the unloading curves are almost parallel in all cases and, due to this reason, their modulus values match. Typical outputs of the nanoindentation experiment are given in Table 2 , where unloading curve-fitting parameters a and m are also shown. Scrutiny of the output data shown reveals that the exponent of the power law can take any value, even outside the range of 1.2 to 1.6, for cementitious materials. As shown in Table 2 , the indentation modulus and hardness values increase with the increase in the peak indentation load, a trend typically observed in reverse order due to the so-called indentation size effect. The indentation size effect is more pronounced when indentation is carried out at the same location for different depths. 3 Herein, the authors grouped the load-displacement curves corresponding to different maximum loads based on the indentation modulus and hardness values to check the proportionality between different forms of energy.
Fig. 2-Experimental nanoindentation loading curve with: (a) anhydrous particle; (b) LS C-S-H; (c) MS C-S-H; and (d) HS C-S-H.
can be seen despite the fact that there are large variations in the hardness value and curvature of the loading curves. Poor linear correlation between different forms of energy for C-S-H (as shown in Fig. 4(d) to (l) ) indicate that the energy ratios evaluated at different peak indentation loads are not always constant. Therefore, the question arises as to how effective these representative energy ratios would be in modeling the load-displacement curves and in measuring the contact depth and initial unloading stiffness.
The anhydrous phases are characterized by the degree of hydration (measured in percent) for which the upper and lower bounds correspond to pure clinker and hydrated C-S-H, respectively. Thus, the anhydrous phases can have different characteristic load-displacement diagrams with remarkably different values of mechanical properties, depending on the degree of hydration, which in turn results in multiple values for energy ratios. Correlating energy ratios with the degree of hydration is a matter of extensive research that requires the combined application of stoichiometry and nanoindentation analysis and, thus, is beyond the scope of this study. On the other hand, the mechanical properties shown in Table 1 for C-S-H are the results of statistical analysis and would not be meaningful if the same process is used for the determination of energy ratios for a particular phase. Due to these reasons, it would be advantageous to use these energy ratios as the characteristic parameters of the individual load-displacement curve rather than the intrinsic material properties. Two important energy ratios are the total (v T ) and elastic (v E ) energy ratios, which may be defined as 
Fig. 3-Schematic representation of load versus indenter displacement data for indentation experiment.

REPRESENTATION OF INDENTATION CYCLE
Referring to Fig. 3 , the experimental nanoindentation curves are conventionally represented by the power laws 14, 39 (Mayer's law for loading curve) as
where K,n and a,m are the parameters obtained by fitting the experimental loading and unloading curves, respectively; and h f denotes the residual depth of indentation. The coeffi-
where W S , W T , and W E represent the absolute, total, and elastic works, respectively. A typical calculation of the energy ratio for the anhydrous phase is shown in Table 3 . In the following sections, the authors examine the efficacy of these energy ratios in modeling the load-displacement curves and in characterizing the different phases of such materials and discuss how these parameters can be used in the determination of contact depth and initial unloading stiffness.
Fig. 4-Correlation between different forms of dissipated energy: (a), (d), (g), and (j) W S versus W T , W E , and W P ; (b), (e), (h), and (k) W T versus W E and W P ; and (c), (f), (i), and (l) W E versus W P for anhydrous, LS C-S-H, MS C-S-H, and HS C-S-H phases.
cients and exponents appearing in Eq. (2) for the loading and unloading curves are very much dependent on the indenter geometry. For instance, the loading curve obtained by an ideally sharp conical indenter is usually described by a parabolic relation in P and h. The power law for the unloading curve is differentiated with respect to the indentation depth to determine the initial unloading stiffness at the maximum depth of penetration as
This is how the experimental value of the initial unloading stiffness is obtained in the Oliver and Pharr 14 method. Alternatively, functional analysis-based expressions may be used to model the load-displacement curves. 30 These expressions use the total and elastic energy ratios for the loading and unloading portions, respectively, and are given by 
The total and elastic energy ratios have a physical significance, as they are related to the curvatures of the loading and unloading curves, respectively. Higher values of these ratios are associated with a larger curvature of the load-displacement curves. Values of v T and v E less than 1.0 are inadmissible, as those values would produce loading and unloading curves with downward concavity, which can never be expected from a nanoindentation experiment. Equation (4) was developed without giving any consideration to the dwelling portion of the loaddisplacement curve. However, the modeling expressions for the load-displacement curve with the dwelling portion could be modified by sticking to the basic definition of these energy ratios, as given in Eq. (1). The only quantity that is affected by the presence of the dwelling portion is the amount of total work done by the indenter. A larger dwelling portion means an increased amount of total work which, in turn, yields a lower value of the total energy ratio. If this value of the total energy ratio is used in Eq. (4), then the loading curve would appear flatter than that obtained experimentally. Again, if the dwelling portion increases the amount of total work in such a way that it becomes greater than the absolute work, then it would simply violate the notion of functional analysis on which Eq. (4) is based. Therefore, it would be appropriate if v T is evaluated based on the total amount of work done during loading only. The expression for the unloading curve given by Eq. (4) can be applied even when the dwelling portion is present. Thus, in the presence of the dwelling portion, Eq. (4) may be modified as 
where h L is the penetration depth at which the loading is supposed to be ceased. The nanoindentation load-displacement curves for all four phases are modeled using Eq. (5). For illustration, modeled experimental load-displacement curves pertaining to LS C-S-H are shown in Fig. 5 . In general, the experimental loading curve is matched well by Eq. (5), thereby validating the authors' assumption regarding the definition of absolute work. For the unloading curve, however, 
Fig. 5-Modeling of load-displacement curves for LS C-S-H obtained with P max ≈ 1000 mN (225 mlbf).
only an initial portion of it can be approximated. Equation (5) may be used to determine the initial unloading stiffness in spite of the fact that it only approximates the initial portion of the unloading curve. The inability of Eq. (5) to model the unloading curve precisely (as compared to the loading curve) may be attributed to the singularity that exists at the final contact depth. 30 Therefore, one can conclude that the total energy ratio is a more useful parameter than the elastic energy ratio as far as modeling capability is concerned, which may find application in the determination of mechanical properties from the nanoindentation loading curve. [19] [20] [21] CONTACT DEPTH AND INITIAL UNLOADING STIFFNESS It has been shown by Attaf 32 that the tangent to the unloading curve at the point of the maximum depth of penetration can be used to directly evaluate the contact depth. This approximate relationship is found to be valid, even when the dwelling period is present in the diagram and may be expressed in the following form.
Thus, knowing the elastic work of indentation and maximum depth of penetration, the contact depth may be computed. The contact depths for each phase of the cement paste with the elastic energy ratio and maximum penetration depth obtained from the corresponding indentation curves shown in Fig. 2 are calculated using Eq. (6) and the results are plotted in Fig. 6 . Excellent agreement can be seen between the experimental results and the values given by Eq. (6). It is interesting to note that Eq. (6) yields consistent values of contact depth, regardless of the indentation size. It should be noted that the computed values of contact depth greatly differ from the experimental values if the best-fit value of v E is used in the previous equation, apparently due to poor linear correlation between the absolute work and elastic work done.
The initial unloading stiffness can be determined using the equation for the unloading curve given by Eq. (5). After differentiation, the expression for the slope of the unloading curve at h = h max is given by ( )
Again, knowing the elastic work of indentation, the initial unloading stiffness may be obtained. The initial unloading stiffness for each phase of the cement paste, using parameters from the respective curves shown in Fig. 2 , is determined. A comparison between S E and S OP is shown in Fig. 7(a) , which clearly indicates that Eq. (7) overestimates the value of the initial unloading stiffness for all phases of the cement paste. This may be due to the fact that, in all cases, the functional expression for the unloading curve has more curvature than the power law at the point of maximum penetration depth, which necessitates the introduction of a correction factor in the previous equation. A refined expression for the initial unloading stiffness as a function of the elastic energy ratio may be derived from the known contact depth given by Eq. (6).
PROPOSED METHOD FOR DETERMINATION OF
INITIAL UNLOADING STIFFNESS In this section, an analytical method for the determination of the initial unloading stiffness using the elastic energy ratio is proposed. The contact depth is typically calculated from the known values of S OP in the Oliver and Pharr 14 method. Because one already knows the contact depth, an expression for the initial unloading stiffness in terms of the elastic energy ratio, geometry constant, peak indentation load, and maximum depth of penetration may be developed. However, two assumptions used in their derivation 14 remain the basis for the proposed method. Referring to Fig. 8 , the total depth of penetration at any instant of loading can be additively decomposed into the contact depth and the vertical surface deflection h s at the perimeter of the contact and, at the maximum depth of penetration, the following relation holds true
Again, the vertical surface deflection is assumed to be directly proportional to the maximum applied load and inversely proportional to the initial unloading slope and is given by
where e is known as a geometric constant (or geometry factor) and is equal to 0.72 and 0.75 for the conical indenter and paraboloid of revolution, respectively. 14 A value of 0.75 is also used for the Berkovich indenter. Solving Eq. (8) and (9), the following expression for the initial unloading stiffness is obtained.
( )
In terms of the elastic energy ratio, Eq. (10) takes the following form.
The initial unloading stiffness calculated in this way for all phases of the cement paste is shown in Fig. 7(b) , where an excellent agreement between the calculated and measured S OP (using Eq. (6)) can be seen. A comparison of Eq. (7) and (11) reveals that the effect of larger curvature associated with Eq. (5) for the unloading curve is taken care of by the geometry factor e. Although the geometric factor is sometimes expressed as a function of the power law exponent in the literature, 40 a constant value of this factor is assumed herein, as the peak indentation loads considered in this study are relatively small. For a small load (<1000 mN), the variation in e is practically negligible.
CONCLUSIONS
A detailed analysis of the nanoindentation experimental data for cement paste using the energy principle is presented in this paper. Energy ratios are found to have a very useful application in evaluating the parameters that lead to the determination of nanomechanical properties. The key findings of this study may be summarized as follows:
1. The definitions of energy-related terms are modified in view of the response of the cementitious materials to indentation loading. The absolute energy is calculated from a triangular area encompassing the loading portion only. Similarly, the work done during the dwelling period is ignored while determining the total energy ratio.
2. It is difficult-and would not be meaningful-to determine the total and elastic energy ratios as constants corresponding to each phase of the cement paste. The anhydrous phase strongly depends on the degree of hydration and, thus, has different characteristic load-displacement diagrams. Therefore, it is suggested that these energy ratios be employed as the characteristic features of the individual load-displacement diagram rather than the specific material properties.
3. Modified expressions for the representation of the nanoindentation loading curve with the dwelling period are presented in this paper. The total and elastic energy ratios are found to be capable of modeling the nanoindentation load-displacement curves, even when the dwelling period is present in the indentation cycle. However, the initial unloading stiffness determined using such an expression is large as compared to that obtained using a power law expression.
4. Contact depth determined using the elastic energy ratio yields satisfactory results, as it compares well with the experimental values for all phases of the cement paste, regardless of the indentation size. However, further study is needed to check its applicability when the depth acquired during dwelling is considerably large.
5. A new energy-based method for the determination of initial unloading stiffness is presented in this study. The formulation is carried out in reverse order of what is done in the conventional Oliver and Pharr 14 method. Stiffness calculated in this way agrees well with the experimental results for all phases.
